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@ Metrology. 

@ A multiaxis measuring probe 10 for continuous 
measurement of workpieces (e.g. roundness, other 
form, or size measurment) has in one embodiment a 
stylus 50 suspended by resilient forces acting in 
opposition so as to determine an equilibrium rest 
position. This appears to improve the dynamic 
response/accuracy trade-off of the probe. The resil- 
ient forces are preferably provided by a diaphragm 
spring 40.140.210 and one or more opposing springs 
80A,80B.180,214. The stylus 50 is preferably held 
magnetically to a stylus mount 34,134.206.208 via 
precision bearings, and the resilient forces act on the 
stylus mount 

During calibration, a series of probe data is 
gathered from probe/sensor output signals at given 
positions of the probe along curved paths. A cor- 
responding series of positional data for the given 
positions is gathered independently of the probe. A 
correlation is made between the probe data and the 
positional data so as to obtain calibration parameters 
for correction of measurement signals. These cali- 
bration parameters are stored with a measurement 
expression for later use with probe output signals to 
obtain corrected measurement signals. 
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METROLOGY 



This invention relates to a measuring probe, 
and more particularly a measuring probe capable 
of responding to multiaxis variations in a workpiece. 

An embodiment provides a multiaxis continu- 
ous measuring probe for use in metrology and 
more particularly form measurement responsive to 
three dimensional variations in a workpiece in con- 
junction with a measuring machine with means for 
displacing the probe so that the derived data is 
obtained as a function of both the probe signals 
and the displacement signals: see European Patent 
No. 2401 51 A. 

. Continuous probes for form measurement are 
distinguished from trigger probes. Continuous 
probes measure the form of a workpiece by con- 
tinuous contact therewith. The measurement may 
take place as a series of measurements each for a 
given surface area of the workpiece owing to the 
fact that because of the three dimensional contour 
of the woriqslece. the probe has to be re-positioned 
between such measurements. Such probes are 
readily distinguished from trigger probes which 
make intermittent contact for co-ordinate measure- 
ment readings. Furthermore, trigger probes have a 
rest position which is mechanically defined where- 
by the rest position defines a fixed datum position 
from which all displacements occur and which 
must always be repeatable: the displacement of the 
stylus triggers an output signal giving the co-or- 
dinates at which the contact was made rather than 
output signals which are themselves a measure of 
the probe displacement. 

It will be appreciated by those skilled in metrol- 
ogy that measuring probes operate in a defined 
displacement range and that their accuracy is rated 
for operation within that range. From GB Patent No. 
1499003 it is known to have probes for which 
provision for stylus movement in X,Y & Z axes is 
provided by separate sets of resilient suspension 
means, i.e. three orthogonal sets of leaf springs, 
the. rest position of the stylus being the relaxed 
condition of each set of springs. With these probes, 
their size imposes limitations on the ability of the 
probe to access complex workpleces, the inertia of 
their moving parts imposes limitations on the rate 
at which data can be gatiiered. 

The rate at which data can be gathered is 
directiy related to the frequency response of the 
probe. The frequency response is the parameter 
related to the speed at which the probe tip can 
follow variations In the contour - If the frequency 
response is insufficient the probe tip may lose 
contact with the workpiece and this must be avoid- 
ed in continuous form measurement. For example 
in roundness measurement, the workpiece is rotat- 



ed on a tumtable - the maximum speed of rotation 
is governed mainly by the frequency response of 
the measuring probe. A probe with a higher fre- 
quency response permits a vvider range of rota- 
5 tional speeds to be employed and facilitates the 
ability of the probe to follow contour variations at 
such rotational speeds. A higher rotational speed 
thus Increases the rate of acquisition of data (the 
data acquisition rate) and the productivity of a 
10 machine used for the Inspection of workpieces: 
adequate frequency response enhances the advart- 
tages of multiaxis probes relative to single axis 
probes, the latter requiring several re-orientations 
to complete all the measurement data. 

75 The frequency response of a probe Is affected 
by the inertia of the probe's moving parts and by 
the gauging stiffness of the stylus. A high inertia 
reduces the frequency response and a high gaug- 
ing stiffness increases it. Thus a good frequency 

20 response can only be obtained with a high inertia 
probe by providing a high gauging stiffness. How- 
ever, a high gauging stiffness results in a high 
force applied to a workpiece by the stylus tip, and 
if this force is too high the accuracy of measure- 

25 ments using the probe will deteriorate. 

GB Patent 2004656 shows another construction 
of measuring probe with a multiaxis displacement 
capability, which mounts the stylus relative to a 
housing by means of a resilient member fixed at 

30 one boundary tiiereof and with the datum position 
being determined by the resilient member urging a 
mounting plate for the stylus into engagement with 
the housing from which position it is displaced by 
stylus displacement about several different pivot 

35 points. This arrangement also is subject to the 
aforementioned disadvantages especially in terms 
of accuracy and repeatability of results (due to the 
mechanical variations arising from more than one 
pivot point) and the frequency response. 

40 GB 2112139 shows an arrangement of cables 

and springs acting on various members including a 
stylus. None of the springs appear to be opposed, 
and there appears to be nothing to prevent all the 
springs from simultaneously closing up. All parte 

45 appear to be able to twist freely, and there is no 
indication of how movement of the stylus tip could 
result in measurement output signals. 

This invention seeks to overcome these dis- 
advantages and in particular, in embodiments, to 

so provide a probe which has the characteristics of 
improved accuracy, and repeatability of the results 
obtained and an increased frequency response. 
Furthermore, for form measurements carried out on 
a roundness instrument, the embodiments of the 
present invention recognise the desirability of the 
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stiffness of the probe in the axial direction of the 
stylus (Z direction) being of a higher order than the 
stiffness of the probe in terms of X and Y direction 
movement of the stylus. This gauging stiffness is 
related to the gauging force which is applied to the 
stylus to obtain a displacement. 

An embodiment will further provide for the re- 
location of the stylus in use without deterioration in 
the repeatability of results. 

The present invention has various aspects. Ac- 
cording to one aspect there is provided a probe for 
measuring of workpieces, comprising means for 
mounting a stylus suspended by restoring forces 
acting in opposition at least one of which is resilient 
so as to determine an equilibrium rest position. 

Provision may be made for the adjustment of 
at least one of the restoring forces. 

By a resilient force is meant a force the 
strength of which Increases with movement in the 
direction against the force, e.g. the force typically 
applied by a spring. Because the strength of the 
force varies with movement, it can be used in 
opposition to one or more other forces to define an 
equilibrium position. It should be noted that the 
opposing force or forces do not necessarily need 
to be resilient, although in practice they typically 
will be resilient. If a resilient force is opposed by a 
constant force, an equilibrium will occur at the 
position at which the strength of the resilient force 
equals the constant force. 

According to another aspect there Is provided a 
probe for multi-axis continuous measurement on 
workpieces comprising a stylus mounting suspend- 
ed by restoring forces acting in opposition at least 
one of which is resilient so as to detenmine an 
equilibrium rest position. 

This multiaxis probe has freedom of move- 
ment, within its measurement range, in the X.Y 
plane and along its Z-axis. The rest position is 
nominally located at the intersection of the X,Y 
axes (notionally the centre of the X.Y range in the 
X,Y plane) and at the extremity of outward travel 
along the Z-axis. After displacement of the stylus in 
any direction, it will return to the approximate rest 
position: in practice, this approximate rest position 
will be within 10 microns of the theoretical centre. 
This difference between one rest position and the 
previous rest position does not result in a measure- 
ment error because the exact rest position of the 
stylus is always known by reading sensor signals. 

The stylus movement of such a probe is not 
limited to discrete translational movement in the 
X,Y or Z directions, but for instance it can follow an 
arcuate path in the X,Y plane. 

In this specification, the movement of a probe 
stylus is described as "arcuate" to refer to move- 
ment in which the stylus tilts. The movement may, 
but does not necessarily, have a single constant 



centre for the tilt so that the stylus tip moves on 
the surface of a sphere. Normally the probe has a 
longitudinal axis along the Z direction, and in its 
rest position the stylus normally extends in this 

5 direction. Because of the tilting of the stylus, ar- 
cuate movement in the X and/or Y directions will 
typically be accompanied by some Z displace- 
ment. Accordingly, references In tills specification 
to movement and position of the stylus tip in the 

10 XY plane and in X, Y or XY directions do not imply 
that the value of Z for the stylus tip necessarily 
remains constant, but refer to the movement and 
position of the projection of the stylus tip onto the 
XY plane in response to X and/or Y direction forces 

IS in the absence of any applied force in the Z 
direction. An XY direction Is any direction In tiie XY 
plane. 

According to another aspect of the present 
Invention there is provided a probe for measuring 

20 workpieces. the probe comprising a body and a 
stylus or stylus mount having a rest position rela- 
tive to the body defined by the equilibrium between 
a plurality of forces. In the illustrated embodiments, 
the probe has a stylus mount on which a stylus Is 

25 or can be mounted, and the forces act in the first 
place on the stylus mount. However, arrangements 
are possible in which the forces act directiy on the 
stylus. 

Typically, the probe comprises first and sec- 

30 ond resilient members, the first resilient member 
acting on the stylus or stylus mount In a first 
direction and the second resilient member acting 
on the stylus mount in a second direction opposing 
the first. There may also be one or more furtiier 

35 resilient members each acting in a direction oppos- 
ing the first direction. 

Alternatively tiie probe may comprise a resil- 
ient member having a first part acting on the stylus 
or stylus mount in a first direction and a second 

40 part acting on the stylus or stylus mount in a 
second direction opposing the first. 

Preferably the probe comprises a resilient dia- 
phragm which In the rest position of the stylus or 
stylus mount is pre-stressed into a conical shape. 

45 This pre-stressing stabilises the diaphragm, and 
Improves its performance if It is used as a pivot for 
arcuate movement of the stylus or stylus mount. 

One direction is considered to oppose another 
if it has a component which Is anti-parallel to the 

50 otiier. tiiat is to say it has a component parallel but 
in the reverse direction to the other. Resilient mem- 
bers or parts oppose each other if they cannot both 
simultaneously be relieved. 

According to another aspect there is provided a 

56 probe for multiaxis continuous measurement on 
workpieces, comprising a housing, a stylus assem- 
bly, a resilient diaphragm by which the stylus as- 
sembly is mounted on the housing for movement in 
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the X. Y and Z directions, sensors associated wfth 
the stylus assembly, said sensors being arranged 
to produce sensor signals dependent on the move- 
ment of the stylus assembly relative to the housing, 
wherein resilient biassing means and said dia- 
phragm are so arranged that said stylus assembly 
is suspended by restoring forces acting in opposi- 
tion at least one of which is resilient so as to 
determine an equilibrium rest position. 

Suitable sensors, which are well known in the 
art, are exemplified herein by inductive trans- 
ducers, but other types such as capacitive or op- 
tical sensors may be used. 

According to another aspect there is provided a 
probe for multiaxis measurement on workpieces, 
comprising a housing, a stylus assembly, a resilient 
diaphragm by which the stylus assembly is moun- 
ted on the housing for movement in the X. Y and Z 
directions, sensors associated with the stylus as- 
sembly, said sensors being arranged to produce 
sensor signals dependent on the movement of the 
stylus assembly relative to the housing, wherein 
said diaphragm is prestressed in the rest position 
of the stylus. 

According to another aspect there is provided a 
probe for multiaxis measurement on workpieces, 
comprising a housing, a stylus assembly, a resilient 
diaphragm by which the stylus assembly is moun- 
ted on the housing for movement in the X, Y and Z 
directions, transducers linked to the stylus assem- 
bly, said tranducers being arranged to produce 
signals dependent on the movement of the stylus 
assembly relative to the housing, wherein linkage 
means are arranged to constrain movement of a 
movable element of each transducer to substan- 
tially linear movement in response to movement of 
the stylus assembly. 

In the preferred embodiment, the sensors are 
inductive transducers and the movable element is 
an arm.ature cam'er. 

According to another aspect, there is provided 
a measuring probe comprising: 
a body; 

a stylus or stylus mount: 

first restoring means supporting the stylus or stylus 
mount relative to the body for movement through a 
measuring range and applying a first restoring 
force between the body and the stylus or stylus 
mount; 

second restoring means acting on the body and 
the stylus or stylus mount and applying a second 
restoring force therebetween opposing the first re- 
storing force; and 

at least one transducer providing an output in ac- 
cordance with the position or movement of the 
stylus or stylus mount; 

the first and second restoring means providing the 
first and second restoring forces in opposition to 



each other throughout the said measuring range. 

The stylus may include a locator plate adapted 
to be magnetically and displaceably mounted on a 
mounting plate. The locator plate and the mounting 

5 plate may be aligned by spaced elements on one 
thereof resting in seating means on the other there- 
of. The spaced elements may be spherical ele- 
ments (e.g. ball bearings) and the seating means 
may be a groove or a seat formed by seating 

10 elements such as spaced roller bearings. The 
spaced elements may be arranged with equi-an- 
gular spacing. 

According to another aspect of the Invention 
there is provided a method of mounting a stylus on 

75 a probe for form measurement in which the stylus 
is held by an attractive force against a stylus 
mount, the stylus and the stylus mount having 
mutually contacting precision locating surfaces 
which act on each other under the influence of the 

20 attractive force to urge the stylus into a pre-defined 
position relative to the stylus mount. 

In general, measuring meachines may need or 
benefit from calibration in order to provide accurate 
measurement outputs. This tends to be a particular 

25 requirement for probes having arcuate movement, 
but machines other than probes and machines hav- 
ing non-arcuate movement may also require cali- 
bration. 

It is known to calibrate co-ordinate measuring 

30 machines by using a machine checking gauge sup- 
plied by Renishaw pic and substantially as Illus- 
trated in Figure 10 of British Standard 6808 Part 3, 
1989. This gauge comprises a base having a tower 
on the end of which is mounted one end of an anm 

35 which is freely movable angularly but which is fixed 
lengthwise. A touch trigger probe is mounted on a 
co-ordinate measuring machine to be calibrated, 
and is fitted with a stylus which runs in a fork at the 
free end of the arm of the gauge. The co-ordinate 

40 measuring machine is operated to move the probe 
(and with it the gauge anm) to various angles ar- 
ound the top of the gauge tower, and at each angle 
approach the top of the tower to take a touch- 
trigger reading. The lengthwise fixing of the gauge 

45 arm means that all the points reached by the stylus 
tip at the limit of its inward movement will be on a 
common sphere having a radius set by the length 
of the gauge arm and a centre at the pivot at the 
top of the gauge tower. The co-ordinate measuring 

50 machine's scale readings for each of these points 
can be compared to assess volumetric errors in its 
operation. 

However, this method is used only to calibrate 
a co-ordinate measuring machine. Insofar as the 
65 probe can be seen as part of the co-ordinate mea- 
suring machine, all the signals which are compared 
in the calibration process come from witiiin the 
machine and none come from an independent cali- 
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bration apparatus. Insofar as the probe is seen as 
separate from the co-ordinate measuring machine, 
the method calibrates the machine and not the 
probe, and the method assumes that the probe is 
itself accurate and well-calibrated. The method is 
disclosed only in terms of using a touch-trigger 
probe. 

In WO 88/06714 a calibration arrangement is 
disclosed for a machine in which relative move- 
ment takes place between two parts of the ma- 
chine, to position a machine tool or a touch trigger 
probe relative to a workpiece. The machine in- 
cludes means to move the tool or probe and scales 
to measure the movement along three axes. In the 
calibration an'angement the true position of the tool 
or probe is measured by reflecting a laser beam 
from it. The scales are calibrated by moving the 
tool or probe along the line of the laser beam 
towards or away from the laser, and comparing the 
scale position output signals with the true tool or 
probe position as measured by the laser beam. 
Calibration errors may be stored in an error map. 
The laser beam may be directed along the X-axis 
direction or the Y-axis direction or along a diagonal. 

With this calibration arrangement, the measure- 
ment axes are defined by the scales and cannot be 
determined by the calibration operation. Equally, 
there Is no suggestion of using the calibration ar- 
rangement on a device which does not define its 
own axes. Additionally, it is necessary to move the 
laser system between calibration movements, as 
the movement must be along the line of the laser 
beam. Therefore the movements of the tool or 
probe cannot be accurately calibrated with refer- 
ence to a common datum position defined by the 
calibration apparatus. 

For accurate measurement with probes which 
have a construction such that the stylus may rnove 
off axis in X and Y directions, the best results may 
not be achieved if tiie probe is calibrated simply by 
displacing the stylus tip along a path which follows 
the X-axis for calibration of the measurement sig- 
nals for tine X co-ordinate and along the Y-axis for 
measurement signals which calibrate the Y co- 
ordinate. Therefore the calibration exercise should 
take into account a two dimensional movement of 
the stylus tip during the calibration exercise so that 
both the X and Y co-ordinates may each be cali- 
brated for any position of the stylus tip in the XY 
plane. Such a calibration exercise will have a great- 
er or lesser value depending on the non-linearities 
of the probe output. 

According to another aspect of the invention 
there is provided a method of calibrating a continu- 
ous measuring probe having a stylus capable of 
displacement in at least two dimensions, compris- 
ing the steps of: 

a) obtaining a series of probe data from the 



probe at a plurality of positions of the stylus, 
b) obtaining a corresponding series of positional 
data for said plurality of positions independently 
of the probe, and 
5 c) comparing the probe data and the positional 
data so as to obtain calibration parameters for 
correction of probe data to corrected probe po- 
sition data, 
characterised In that 
10 the said plurality of positions comprises first and 
second points which define a line, and a third point 
offset from tiie line, and the positional data which is 
obtained for each of the first, second and third 
points defines the position of the probe relative to a 
16 common datum. 

Preferably the plurality of positions comprises 
a fourth point offset from each of the line defined 
by the first and second points, fhe line defined by 
the first and third points and the line defined by the 
20 second and third points, and the positional data 
which is obtained for tiie fourtii point defines the 
position of the probe relative to the said common 
datum. 

Thus the calibration can take account of the 
25 probe data from a plurality of points not all on the 
same straight line, and the position of the probe at 
all of these points can be referred to a common 
datum and so can be calibrated relative to a com- 
mon reference point. Preferably tiie probe moves 
30 through the positions along a curved path. 

According to another aspect of the present 
Invention there Is provided a method of calibrating 
a continuous measuring probe having a stylus ca- 
pabie of displacement in at least two dimensions. 
35 comprising the steps of :- 

a) obtaining a series of probe data from the 
probe at a plurality of positions of the stylus. 

b) obtaining a corresponding series of positional 
data for said plurality of positions Independently 

40 of the probe, and 

c) comparing the probe data and the positional 
data so as to obtain calibration parameters for 
correction of probe data to corrected stylus po- 
sition data, characterised in tiiat 

45 the corrected stylus position data defines the 
position of tiie stylus with respect to a reference 
axis In an XY plane the direction of which refer- 
ence axis in tine plane is determined by the 
positional data independentiy of any reference 
50 axis in the XY plane for the probe data. 

According to another aspect of the present 
invention there is provided a method of calibrating 
a continuous measuring probe having a stiys ca- 
pable of displacement in at least two dimensions, 
65 comprising the steps of:- 

a) obtaining a series of probe data from the 
probe at a plurality of positions of tiie stylus, 

b) obtaining a corresponding series of positional 

5 
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data for said plurality of positions independently 
of the probe, and 

c) comparing the probe data and the positional 
data so as to obtain calibratipn parameters for 
correction of probe data to corrected stylus po- 
sition data, 
characterised in that 
the calibration parameters provide parameters for 
one or more conversion functions for converting 
probe data to said corrected stylus position data. 

The functions may comprise one or more poly- 
nomials for which the calibration parameters pro- 
vide coefficients. The polynomials may include 
second or higher order terms in the probe data. 
The co-efficients may be determined in stages in 
which values are determined for some co-efficients 
only while others are held constant. 

According to another aspect of the present 
invention there is provided a method of calibrating 
for X and Y axis displacement a continuous mea- 
suring probe having a stylus capable of displace- 
ment in at least the X.Y plane comprising the steps 
of obtaining a series of probe data from probe 
output signals at given positions of the stylus, 
obtaining a corresponding series of positional data 
for said given positions independently of the probe 
output signals, performing a correlation between 
the probe data and the positional data so as to 
obtain calibration parameters for correction of mea- 
surement signals, and adapting a measurement 
function for use in measurement operations to in- 
corporate said calibration parameters, whereby in 
subsequent measurement operations the probe 
output signals are processed to produce corrected 
measurement signals. 

In an embodiment of the method, calibration is 
accomplished by placing the probe on a form mea- 
suring machine with a workpiece turntable and out- 
putting a series of transducer signals from the 
transducers for processing so as to establish val- 
ues for calibration parameters in calibration func- 
tions. This calibration Is specifically directed to the 
X.Y plane of measurement of the probe. Where the 
probe will be mainly employed for form measure- 
ment, it is the displacement of the stylus tip in the 
X,Y (two dimensional) plane which Is normally of 
greatest importance. 

According to a further aspect of the present 
invention there Is provided a method of calibrating 
a measuring probe for the output of corrected X 
and Y axis measurement signals representing dis- 
placements of a stylus of the probe in X and Y axis 
directions respectively, a said form measuring 
probe comprising: the stylus, so mounted relative 
to a probe housing as to permit two dimensional 
displacement of tiie stylus; and sensors responsive 
to said stylus movement to output sensor signals 
related to said stylus displacement, said calibration 



enabling said output of corrected measurement sig- 
nals derived from said sensor signals, wherein the 
calibration of said probe comprises the steps of 
arranging the probe in a predetermined position 

5 relative to displacement means for displacing the 
stylus (within the operating range thereof) along a 
defined path, actuating the displacement means to 
displace the stylus along said defined path, gather- 
ing as sensor data the sensor output signals of 

70 each sensor for each of a series of discrete mea- 
surement positions of the stylus, gathering posi- 
tional data giving the measurement position of the 
stylus for each of said discrete measurement posi- 
tions, performing a correlation between the sensor 

75 data and the positional data so as to obtain calibra- 
tion parameters for correction of the measurement 
signals, and, storing said calibration parameters in 
such manner that during sutjsequent measurement 
operations the sensor output signals are processed 

20 to produce said corrected measurement signals. 

In a preferred embodiment the displacement 
means is actuated to displace the stylus along said 
defined path in discrete steps, discrete measure- 
ment positions being determined by said discrete 

26 steps. 

In the alternative, the displacement means may 
be actuated to displace the stylus along said de- 
fined path and the discrete measuHrement positions 
may be defined by the locations at which the 

30 sensor data is gathered. In an embodiment, in 
which the stylus Is displaced along a series of 
concentric circles, the displacement means move- 
ment may be continuous along a circular path smd 
the sensor data gathered at discrete locations 

35 along that path, a discontinuity in stylus movement 
occuring when the radius of rotation is adjusted for 
the next circular path in the series of concentric 
circles. 

By arranging for the stylus to describe a circle 

40 about the centre of rotation of the turntable of a 
form measuring machine (as in a preferred em- 
bodiment), the position of the stylus relative to the 
centre of rotation may be accurately determined. It 
win be appreciated that the radius of rotation R and 

45 the angle of rotation 6 enables the X,Y co-ordinates 
for any given measurement position to be cal- 
culated. It will be recognised that X = R SIN B and 
Y = R COS e. 

Thus, for a given series of movements of the 

50 Stylus, the sensor output signals are obtained (and 
translated into dimensional signals) and these sen- 
sor output signals are compared mathematically 
with the X,Y co-ordinates computed from the mea- 
sured positional data for the radius of rotation R 

55 and the angle of rotation e. Using Imown tech- 
niques it is possible to convert the sensor output 
signals from analogue signals to digital signals and 
to scale these digital signals so as to correspond to 
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a given measurement range. For example, a sensor 
output signal over a range of operating movement 
of the probe stylus tip corresponding to a radial 
displacement of ± 2mm may be scaled to be the 
equivalent of * 10,000 bits of a digital output signal. 
In the embodiment algorithms have been presented 
in which there are a number of calibration param- 
eters. These are required in order that the (scaled 
and digitised) sensor output signals can be pro- 
cessed to give dimensional measurement signals. 
The connections take account of the actual move- 
ment of the stylus tip in the X.Y plane and char- 
acteristics of the probe and sensors which might 
otherwise distort the measurement signals. 

The values of X.Y co-ordinates are calculated 
from expressions in which constants (parameters) 
are determined by correlation of probe data and 
(measured) positional data. This applies irrespec- 
tive of the number of probe sensors. 

Assume that the probe has a plurality of sen- 
sors with sensor output signals ti..,tn. In the cor- 
relation step, the values for the X.Y co-ordinates for 
each measurement position are derived from the 
positional data and are employed to derive calibra- 
tion parameters for the expressions X = fi (ti ...t„) 
and Y = f2 (ti ...t„). where the functions fi and k 
contain the calibration parameters. 

In a described embodiment of the probe, the 
probe has sensors associated with an axis des- 
ignated the probe X-axis with sensor output signals 
Xi, X2 and sensors associated with an axis des- 
ignated the probe Y-axis with sensor output signals 
Yi, Y2. In this case, the values for the X,Y co- 
ordinates for each measurement position are de- 
rived from said positional data and are employed to 
derive calibration parameters for the expressions X 
= fi pCi. X2. Yi. Y2) and Y = f2 (Yi. Y2. X,. X2). 
where the functions ft .fa contain the calibration 
parameters. 

in another embodiment, the probe has three 
equianguiarly arranged sensors with output signals 
ti. t2, fe. In this case, the values from the X.Y co- 
ordinates for each measurement position are de- 
rived from positional data and are employed to 
derive calibration parameters for the expression 
X=fi(ti,t2,t3) and Y=f2 (ti.t2. U), where the func- 
tions f 1 . f2 contain the calibration parameters. 

In either case, the functions fi.fa may each be 
calculated as the product of a first measurement 
expression and a second compensating expression 
derived from sensor outputs, the first measurement 
expression being associated with the measurement 
axis, and the second compensating expression be- 
ing associated with the axis orthogonal to the mea- 
surement axis to compensate for variations in the 
sensor data being due to non-axial movement of 
the profcDe, 

For the probe with the sensor output signals 



Xi,X2,Yi,Y2 the measurement expression for the X 
coordinate can be defined by 
(A1.X1 +A2.X2 + Bi.Xi2-i.B2.X22 + Ci) wherein 
Ai,A2,Bi,B2 and Ct are calibration parameters, and 

6 this can be multiplied by the compensating expres- 
sion which can be expressed as 
(D1.Y1 +D2.Y2 + E1.Y12 + E2.Y22 + G1) wherein 
Di,D2,Ei,E2 and Gi are calibration parameters. 
Similar expressions for the Y co-ordinate are given 

70 hereinafter. 

For the probe with sensor output signals ti to 
ta, for the X co-ordinate the measurement expres- 
sion can be defined by (Ait2 + A2t3 + B\t2^ + 
B2t32 + Ci) In which A1.A2.B1 ,62 and Ci are 

IS calibration parameters and this can be multiplied 
by the compensating expression which can be ex- 
pressed as (Diti + D2t3 + Eiti2 + E2t32 + Gi) 
where Di.D2,Ei.E2 and Gi are calibration param- 
eters. For the Y co-ordinate the respective expres- 

20 sions are 

(A3.tl + A4.t3 + B3.tl2 + B4.t32 + C2) 

where As.A^.Bs.Bi and C2 are calibration param- 
eters and 

(Ds.ta + D^.ts + E3.t22 + E4.t32 + G2) 
.25 where D3.D4..E3.E4 and G2 are calibration param- 
eters. 

As aforesaid, the positional data Is derived 
from the expressions X = R (SIN e) and Y=R (COS 
$), wherein R is the said radial distance of the 

30 stylus tip from the rotational axis and e is said 
angular displacement. The correlation may com- 
pensate for set-up errors in the position of the 
probe relative to the rotational axis. Such errors 
may be taken into account by the calibration pa- 

35 rameters Ci, C2 which represent an allowance for 
eccentricity of the probe, dRi , dR2 as offsets in the 
radial distance R and 6$^, 662 as offsets In the 
angular displacement 0. By determining the values 
of dRi, dFfe and dfii, 662 in the expressions X (R 

40 + dRi).SIN (e + d0i) and Y = (R + dR2 ). COS 
(6 + d02). compensation is effected. 

The reason for two offset parameters dRi, dR2 
is that two correlations are performed, one for each 
of the X,Y axes: comparison of the two values dRi . 

45 6R2 enables a furtiier check to be made on the 
accuracy of calibration (as further described in the 
preferred embodiment). 

According to another aspect of the present 
invention there is provided caiibration apparatus for 

50 calibrating a continuous measuring probe, the ap- 
paratus comprising movement means to move a 
stylus tip of a probe in an XY plane and provide 
position signals in accordance with the position to 
which the stylus tip is moved, mounting means to 

66 mount the probe relative to the movement means, 
and means to receive the said position signals and 
signals from the probe and determine therefrom 
calibration data for calibrating the signals from the 
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probe in accordance with the said position signals, 
the movement means being operable to move the 
stylus tip through a plurality of points on the XY 
plane inciuding first and second points defining a 
straight line and a third pdnt offset from the 5 
straight line, and to provide in respect of each of 
said first, second and third points a said position 
signal which indicates the position of the stylus tip 
relative to a common datum. 

According to a further aspect of the present io 
invention there is provided apparatus for calibrating 
a measuring probe for the output of corrected X 
and Y axis measurement signals representing dis- 
placements of the probe in X and Y axis directions 
respectively, said measuring probe comprising a rs 
stylus, so mounted relative to a probe housing as 
to permit two dimensional displacements of the 
stylus, and sensors responsive to said stylus move- 
ment to output sensor signals related to stylus 
displacement said calibration enabling said output 20 
of corrected measurement signals derived from 
said sensor signals, the apparatus comprising 
means for arranging the probe in a predetermined 
position relative to displacement means for displac- 
ing the stylus along a defined path, said displace- 25 
ment means being operable to displace the stylus 
along said defined path, means for outputting as 
sensor data the sensor output signals of each sen- 
sor for each of a series of discrete measurement 
positions of the stylus, means for outputting posi- 30 
tional data giving the measurement position of the 
stylus for each of said measurement positions, 
means for performing a correlation between the 
sensor data and the positional data so as to obtain 
calibration parameters for correction of the mea- as 
surement signals, and means for storing said cali- 
bration parameters in such manner that during sub- 
sequent measurement operations the sensor output 
signals are processed to produce said corrected 
measurement signals. The arranging means may 40 
be provided by tfie probe carrying arm of a form 
measuring machine. The displacement means may 
be provided by the rotary workpiece turntable of 
the form measuring machine. Guide means may be 
arranged on said rotary turntable and adapted for 45 
contact with a stylus tip of a said probe stylus. The 
arrangement is such that, upon rotation of the turn- 
table, the stylus tip is displaced along a defined 
path. The positional data of the measurement posi- 
tions will then be determined by the radius of so 
rotation R of the stylus tip and the angular dis- 
placement e thereof. 

In an embodiment, the guide means are asso- 
ciated with a slide block such that the guide means 
are displaceable to vary said radius of a rotation R. 55 
In this case, incremental variations in the radius of 
rotation R are determined by the insertion of slip 
blocks. 



In the altemative, the turntable may have cen- 
tring means associated therewith for displacement 
thereof along its X and Y axes. 

An angular encoder may be associated with 
the displacement means so as to provide measure- 
ment signals for discrete angular displacements 
thereof. 

Applicants themselves market a form measur- 
ing machine known by the trade name TALYROND 
300 which exemplifies such a machine. This ma- 
chine is provided with a centring turntable whereby 
the position of a workpiece can be translated along 
X and Y axis of the turntable by Increments of 1 .0 
micrometres (um). Such a machine enables guide 
means placed on the workpiece table to be dis- 
placed so as to Increment the radius of rotation of 
the stylus tip about the axis of rotation of the 
workpiece table. 

An advantage of the preferred embodiment of 
the calibration method is that the stylus is carried 
to positions spaced by at least 180* around the 
stylus equilibrium position without the calibration 
apparatus losing contact with the stylus. 

According to another aspect of the present 
invention there is provided guide means for receiv- 
ing and guiding a stylus of a continuous measuring 
probe during a calibration operation in which the 
stylus is moved through a plurality of positions 
displaced from its rest position, the guide means 
comprising a pair of abutments positioned relative 
to each other so that both abutments simultaneous- 
ly contact the stylus and locate a stylus pressed 
against them, the guide means being positioned in 
use with the abutments aligned with each other in a 
direction transverse to the direction in which the 
stylus is displaced from its rest position so that the 
force tending to return the stylus to its home posi- 
tion drives the stylus against the abutments. 

According to a further aspect of the invention 
there is provided guide means for use in the cali- 
bration of a measuring probe having a stylus with a 
stylus tip, the guide means comprising a pair of 
abutments (for example, fixed needle bearings) so 
arranged and spaced as to receive therebetween in 
kinematic contact therewith the stylus tip of a 
probe being calibrated. 

The embodiments also disclose a stylus as- 
sembly with a removably mounted stylus which 
facilitates stylus replacement without necessitating 
re-calibration. 

Embodiments of the invention will now be de- 
scribed, by way of example only, with reference to 
the accompanying drawings, in which :- 

Figure 1 shows an elevation, mainly in section, 
of a first embodiment of a measuring probe 
which includes a housing and a stylus assem- 
bly; 

Figure 2 shows an exploded perspective view of 
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the probe of Rgure 1 with the stylus removed; 
Rgure 2A shows the shape of the ligament 
springs of Rgures 1 and 2; 
Rgure 3 shows a section taken on the line A-A 
of Rgure 1 : 

Figures 4 and 5 are plan views of separable 
parts of the stylus assembly; 
Rgure 6 is a schematic view of a modification to 
the probe of Rgure 1 ; 

Rgure 7 is a schematic view of another modi- 
fication of the probe of Rgurei 1 : 
Rgure 8 shows in elevation, mainly in section, a 
measuring probe according to another embodi- 
ment also having a housing and including a 
stylus assembly; 

Rgure 9 shows an exploded perspective view of 
the probe of Rgure 8 with the stylus removed; 
Rgure 10 shows a section taken on the line AA 
of Rgure 8; 

Rgure 11 shows an enlarged fragmentary view, 
partly in section, of part of the probe of Rgure 
8: 

Rgures 12 and 13 show plan views of separable 
parts of the stylus assembly of Rgure 8. 
Rgures 14 and 15 show longitudinal sections 
through a third embodiment of the present in- 
vention; 

Rgure 16 shows an end view at the level of line 
XVI -XVI in Rgure 15; 

Rgure 17 shows a combined diaphragm and 
pre-load spring; 

Rgure 18 shows schematically how the com- 
bined spring of Rgure 17 could be used; 
Rgure 19 shows in perspective a view of part of 
a calibration machine according to an embodi- 
ment with an inset plan view of guide means for 
use with the calibration apparatus; and 
Rgure 20 shows a block diagram of data pro- 
cessing means associated with the measuring 
machine of Rgure 19. 
In Rgures 1 to 5 of the drawings there is 
shown a measuring probe 10, for form or size 
measurement in conjunction with a measuring ma- 
chine. The probe 10 comprises a housing 20, a 
stylus mount or assembly 30 including a resilient 
diaphragm spring 40 by which a stylus 50 is moun- 
ted on the housing 20 for movement In the or- 
thogonal X, Y, Z directions. This stylus movement 
is not translational but is arcuate in the XY plane, 
i.e. XY movement of the stylus tip is achieved by 
tilting the stylus. 

Four transducers 60 (only two of which are 
shown in Rgure 1) mounted in the housing 20 and 
four linkages 70 connect the stylus assembly 30 to 
the transducers 60 so that the transducers 60 pro- 
duce electrical signals dependent on the movement 
of the stylus assembly 30 relative to the housing 
20. Stylus assembly 30 enables the stylus 50 to be 



mounted on the diaphragm 40 such that any move- 
ment of the stylus 50 is transmitted (as will be 
explained) to the transducers 60. 

The stylus assembly 30 comprises a mounting 

5 ring 32 and a mounting plate 34 clamping the 
diaptiragm 40 at its periphery. The diaphragm 40 is 
centrally attached to the housing 20. As seen from 
Rgure 2, the mounting ring 32 has a peripheral 
wall 32A and a lower radially extending face 32B. 

70 The mounting plate 34 comprises an upper portion 
34A for clamping the diaphragm 40 against the 
face 32B of the mounting ring 32, and a reduced 
diameter portion 34B with a peripheral wall 34C on 
which there are mounted four clamp adjusters 36. 

75 On the underface 34D of the mounting plate there 
Is a magnet 38 and spherical elements (e.g. ball 
bearings) 39 for locating the stylus 50. The stylus 
50 comprises the locator plate 52 from which the 
stylus stem 54 depends to the stylus tip 58 which 

20 contacts a workpiece for measuring purposes. 

As will be seen from Rgures 4 and 5 the ball 
bearings 39 of the mounting plate 34 align with 
location grooves 58 on the locator plate 52 of the 
stylus 50. The stylus 50 is demountable from the 

25 stylus assembly 30 and it is held in place when in 
position by the magnet 38. The ball bearings 39, 
which are fixed to the mounting plate 34, are 
dimensioned such that there is an air gap between 
the magnet 38 and the top of the stylus locator 

30 plate 52. The arrangement Is such that if the stylus 
50 meets undue force or an obstruction in the XY 
directions it can self-release from the mounting 
plate 34: this occurs when mounting ring 32 abuts 
the housing 20, which forms a stop limiting tilt (and 

35 also upward axial movement) of the stylus assem- 
bly 30. This arrangement ensures that any one 
stylus will accurately repeat its fitted position when 
removed and relocated, thereby avoiding re-cali- 
bration. 

40 It will be noted that the ball bearings 39 and 

location grooves 58 are equiangularly spaced at 
angles of 120\ 

It will be noted from Rgure 2 that the mounting 
ring 32. diaphragm 40 and mounting plate 34 are 

45 each provided with assembly apertures 32E, 34E 
and 40E respectively for their connection by con- 
nectors not shown. 

The housing 20 is adapted at its lower end for 
the mounting of the diaphragm 40 and thereby the 

50 stylus assembly 30. For this purpose it has a 
downwardly protruding central boss 20A which pro- 
trudes from a radially extending lower face 20B 
(which provides the aforementioned stop) of the 
main housing core which is made up of parte 20C, 

55 D and E. The diaphragm 40 Is centrally clamped to 
the housing boss 20 A by means of a fixing mem- 
ber 24 which has driving apertures 24A. The re- 
spective dimensions of the housing t>oss 20A and 
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the mounting ring 32 In the axial direction of the 
probe are such that as can be seen from Figure 1 
there is a gap between the top of the mounting ring 
32 and the housing face 20B, this gap accom- 
modating the measuring range of movement of the 
stylus assembly 30. As aforesaid, if the stylus 
assembly 30, over travels upon meeting an ob- 
struction in an XY direction, the face 20B acts as a 
limit stop and the stylus 50 self-releases. The face 
20B also acts as a limit stop for upwards Z travel, 
but in this case the stylus 50 does not self-release. 

The housing 20 is further configured so as to 
provide a central bore 25 for a connector rod 26 to 
which the fixing member 24 Is attached. The con- 
nector rod 26 extends through the housing thereby 
to align the parts, and is secured by a nut. The 
housing 20 is further configured to provide cham- 
bers 27 for the rigid linlcages 70 and chambers 28 
for the transducers 60. It is best seen from Rgure 
3 that the housing part 20C with its lower face 208 
has a cruciform configuration in which the four 
linkage chambers 27 are regulariy spaced. The 
linkage chambers 27 have a rectilinear configura- 
tion with an inner wall 27A, outwardly directed walls 
278, walls 27C parallel to the wall 27A, and further 
outwardly directed walls 27D extending to the pe- 
rimeter of the housing where the chamber 27 
opens outwardly from the probe. The chambers 27 
are formed by recesses in each of the housing 
parts 20C, D and E which are contiguous. These 
three hou^ng parts 20C, D and E clamp between 
them a pair of plate springs or ligaments BOA, 808, 
shaped as shown In Figure 2A- 

The lowermost ligament BOA is clamped cen- 
trally between the housing parts 20C and 20D. The 
ligament BOA has an annular portion, which is 
clamped between the axial end faces of those 
housing parts 20C, D. and outwardly and radially 
projecting limbs 80C, (Figure 3) which have a con- 
figuration akin to leaf springs, and leaves 800. 
Leaves BOD are also regulariy spaced, but offset 
with respect to the limbs 80C. so as to be clamped 
between the housing parts 20C, D in those portions 
thereof which extend to the perimeter as viewed in 
Rgure 3. The ligament BOB is of similar configura- 
tion to the ligament BOA and it is mounted between 
end faces of the housing parts 20D and 20E. The 
pair of ligaments BOA, BOB have several functions, 
one of which is to bias the rest position of the 
stylus assembly 30. and another of which is to act 
as guide means for ensuring linear movement of 
connection means (to be described) between the 
stylus assembly 30 and the transducers 60, and 
yet another of which is to place wires 22 under 
tension thereby prestressing the diaphragm 40. 

The transducers 60 are mounted in four 
equiangularly spaced bores 20G in the housing 
part 20E. The transducers 60 comprise coils 60A 



and armatures 60B carried on armature carriers 
60C which extend through passageways 20H in the 
housing part 20E so as to communicate with the 
linkage chambers 27. Tensioned wires 22 extend 

5 from the mounting plate 34. to which they are 
clamped by the clamp adjusters 36, to the ar- 
mature carriers 60C to which they are connected at 
60D (Rg.1). Rigid linkages 70 clamp together the 
pair of ligaments BOA, SOB and are fixedly attached 

10 to the armature canier 60C. It will be seen that the 
linkages 70 each comprise four parts 70A, 6. C 
and D which are rigidly connected together by 
connector means (a threaded bolt) 70E (Rg.2). The 
parts 70A and B clamp the limbs 80C of the 

75 ligament 80B and the parts 700, D clamp the limbs 
BOC of ligament 80A. The linkage part 70C carries 
the means of connection to the armature carrier 
60C. As stated, this connection between the rigid 
linkage 70 and the armature carrier 60C is rigid 

20 such that movement of the stylus assembly 30 
which is transmitted to the armature carrier 60C by 
the tensioned wire 22 is also transmitted to the 
rigid linkages 70 and the ligaments 80A, BOB. As 
will be understood, the transducers 60 have wiring 

25 (not shown) which extends through the upper part 
of the bores 20G so that the signals of the trans- 
ducers can be processed by the n^easuring ma- 
chine. 

The construction of this probe with its stylus 

30 assembly 30 mounted by means of the diaphragm 
40 and connected by means of the tensioned wires 
22 to the iigamente BOA, BOB is such that, in the 
rest position of the stylus 50, the ligaments BOA, 
BOB and the diaphragm 40 and the wires 22 are all 

35 pre-tensioned. In the drawing Figure 1 the relaxed 
(i.e. unstressed) positions of the diaphragm 40 and 
the pair of ligaments BOA, BOB are indicated by the 
lines 8, C and D respectively. By the use of the 
tensioned wires 22 (one for each transducer and 

40 each limb BOC) the diaphragm 40 and the liga- 
ments BOA, 808 are held In their Rgure 1 positions 
in which they are prestressed. The rest position of 
the stylus assembly 30 and thereby the stylus 50, 
is the position in which the opposed resilient mem- 

45 bers, namely the diaphragm 40 and the pair of 
ligaments BOA, BOB establish an equilibrium posi- 
tion. In that position the resilient forces exerted by 
the ligaments BOA, BOB and the resilient forces 
exerted by the diaphragm 40, which are opposed, 

50 are in balance. This means that the rest position of 
the stylus assembly 30 is one in which the stylus 
assembly 30 is resiiiently held in a position from 
which it can be displaced in any direction. 

From Rgure 3 it will be noted that connectors 

55 29 pass through the housing parts 20C, D and E in 
the regions of the lands thereof which bound the 
linkage chambers 27 to clamp the parts together In 
rotational alignment. It will also be noted that the 

10 
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rigid linkages 70 are held in alignment by means of 
alignment pins 70F which are an-anged in parallel 
on either side of the connectors 70E. 

It should be noted that the tensioned wires 22 
pass within the aperture defined by the mounting 
ring 32 and through apertures 40A in the dia- 
phragm and 34F in the mounting plate (Rg. 2). The 
apertures 34F are aligned with the clamp adjusters 
36 whereby at the setting up stage the length of 
tensioned wire 22 can be adjusted so as to 
prestress the ligaments 80A. SOB and the dia- 
phragm 40: this is achieved by placing a spacer 
block (not shown) In the linkage chamber 27 above 
the rigid linkage 70 and a further spacer block (not 
shown) below the rigid linkage 70 and forcing the 
mounting ring 32 into contact therewith. This en- 
sures that the correct length of the tensioned wire 
is detennined. The spacer blocks are then re- 
moved. 

In the probe of Rgures 1 to 5 the stylus is 
typically 100mm in length and has a maximum 
displacement in the XY directions of ± 2mm at the 

stylus tip 56. 

The gauging force in the Z direction may be 
made substantially greater than the gauging force 
in the X.Y directions, which is advantageous for 
form measurements carried out on roundness mea- 
suring instruments. 

The probe 10 of Rgure 1 has the stylus as- 
sembly 30 attached to the perimeter of the dia- 
phragm 40. the diaphragm 40 is centrally attaclied 
to the housing 20. and the tensioned wires 22 
prestress the ligaments 80A. SOB and the dia- 
phragm 40 placing them under tension such that 
they act resiliently to pull the stylus assembly 30 in 
opposite directions whereby the rest position of the 
stylus 60 is at the position in which the opposed 
forces are in equilibrium. 

The latter feature of having the opposed forces 
in equilibrium at the rest position so as to have a 
resiliently suspended stylus 50 provides a number 
of practical advantages. In particular, the trade-off 
between frequency response on the one hand and 
the accuracy and repeatability of the prol^e on the 
other hand Is found in tests to be good in compari- 
son with cunrent multiaxis probes. 

This advantageous trade-off arises because the 
opposed forces enable stable and reproducible 
movement of the stylus to be obtained with a two- 
dimensional p<Y) arcuate (tilting) pattern of move- 
ment Arcuate movement can be achieved with 
small movable components with a low inertia, lead- 
ing to an improved frequency response. The use of 
a pre-stressed diaphragm spring to support the 
stylus mount is especially advantageous in this 
respect. 

Modifications of the probe of Rgure 1. which 
meet the same design criteria, are illustrated sche- 



matically in Rgure 6, 7 in which like parts have like 
references. 

In the modification of Rgure 6. the ligaments 
80A, SOB together with the armature carrier 60C, 

5 and the stylus assembly 30 are not connected by a 
tensioned wire 22 but instead by rigid connections 
22A (four of them equally spaced as with the 
tensioned wires 22) comprising the links 22B,C 
acting on spherical elements (e.g. bearings) 22D 

10 which, in turn, sit fixedly in a circumferential groove 
34G In mounting plate 34. The link 22C has a radial 
groove 22E for seating bearing 22D. The radial and 
circumferential grooves 22E and 34G ensure ac- 
curate and automatic positional location for bear- 

75 ings 22D. The diaphragm 40 again is mounted 
centrally relative to the housing 20 and clamped at 
its periphery to the stylus assembly 30 by the 
mounting ring 32 and the mounting plate 34. In 
order to accommodate this fomn of rigid connec- 

20 tion. diaphragm 40 has apertures 40B through 
which the bearings 22D can extend freely without 
encroaching on the active part of the diaphragm 
40. This embodiment exhibits the aforementioned 
resilient suspension of the stylus assembly 30 but 

25 with the ligaments 80A. B and diaphragm 40 exert- 
ing compression forces. 

The modification of Rgure 7 is similar to that of 
Figure 6 in terms of the rigid links 22A between the 
ligaments 80A. B and the stylus assembly 30. The 

30 difference is that the diaphragm 40 is centrally 
mounted relative to the stylus assembly 30 which 
now comprises a modified mounting plate 34 
(without a mounting ring 32). This mounting plate 
34 has a central boss 34H to which the diaphragm 

35 40 is attached (in similar manner to the central 
attachment of the diaphragm 40 to tfie housing 20 
in the embodiment of Rgure 1). The connection 
between the diaphragm 40 and a depending outer 
casing 20M of tiie housing 20 is at the periphery of 

40 the diaphragm 40 as shown. Again the rest position 
is determined by the oppositely acting resilient 
means, namely the diaphragm 40 and the liga- 
ments 80A, B which in this embodiment exert com- 
pression forces. In both Rgure 6 and Rgure 7 the 

45 unstressed positions of the ligaments BOA and 80B 
and the diaphragm 40 are again illustrated by lines 
B, C and D. 

In another arrangement, not illustrated, the dia- 
phragm 40 and the ligaments 80A. SOB are con- 

50 nected as shown in Rgure 7, but the diaphragm '40 
extends downwardly and outwardly as in Rgure 6. 
In this arrangement, to provide the force in the 
correct direction from the diaphragm 40. its rest 
position Is not planar but is conical with a steeper 

55 cone angle than the angle It adopts under the 
action of the ligaments 80A, SOB. 

From the aforegoing, it will be plain that resil- 
ient suspension of the stylus can be arranged in a 
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number of different ways other than those illus- 
trated by making use of tension or compression 
forces which maintain a form of suspension of the 
stylus in which the stylus rest position is deter- 
mined by opposed resilient bias means. Likewise, 5 
the manner of mounting the diaphragm to the 
housing, and the diaphragm to the stylus assembly 
affords a reversible choice of which employs a 
central mounting and which employs a peripheral 
mounting. It will be apparent that the advantages of io 
the Figure 1 embodiment can be obtained with 
such modified embodiments. 

Rgures 8 to 13 show a second embodiment of 
a protje for multiaxis form or size measurement for 
use with a measuring machine in which the probe 75 
signals and the machine signals are utilised to 
provide form measurement data for use in measur- 
ing wori<pieces. This probe 110 comprises a hous- 
ing 120, a stylus assembly 130, a resilient dia- 
phragm 140 by which the stylus assembly 130 20 
(including a stylus 150) is mounted on the housing 
120 for movement in the X, Y, 2 directions, three 
transducers 160 (shown in Figure 10) mounted In 
the housing 120 and directly connected In the 
stylus assembly 130 so that the transducers 160 25 
produce electrical signals dependent on the move- 
ment of the stylus assembly 150 relative to the 
housing 120. 

in the stylus assembly 130, the stylus 150 is 
releasably connected to a mounting plate 134. The 30 
diaphragm 140 is peripherally clamped between a 
mounting ring 132 and the mounting plate 134. The 
mounting plate has a peripheral wall 134A (see 
Rgure 11) upstanding from a lower plate 134B and 
which supports a median member 134C. At three 35 
peripherally equi-spaced locations the peripheral 
wall 134A supports integral bosses 134D (Figure 8) 
which receive connector members 134E, which in 
tum are threaded ly received in the mounting ring 
132 to couple together the mounting plate 134 and 40 
the mounting ring 132 to clamp the diaphragm 140. 
Bosses 134D extend in the axial direction from the 
median member 134C to the top of the peripheral 
wall 134A. The median member 134C has ap- 
ertures 134F to enable it to move relative to 4s 
sleeves 160G in which the transducers 160 are 
housed: each sleeve 160G depends from an insert 
120H and has an Internal portion on which the 
transducer coil 160A Is mounted. These apertures 
134F are equiangularly spaced. The median mem- so 
ber 134C on its underside carries a magnet 134H 
which holds releasably the stylus 150. The median 
member 134C Is furtiier provided with contact ele- 
ments (e.g. roller bearings) 134J which are fixedly 
arranged in equlangulariy spaced, radially extend- 55 
ing locator grooves 134K (Figure 12). The stylus 
150 comprises a locator plate 150A on which at 
three equiangularly spaced locations pairs of 



spaced spherical elements (e.g. ball bearings) 
1508 are fixedly mounted. The spacing (Rgure 13) 
between the bail bearings 150B of a pair of ball 
bearings is such that the ball bearings engage with 
the roller bearings 134J of the mounting plate 134 
so as to radially and axially align the stylus 150 
with the mounting plate 134. The ball bearings 
150B are fixed relative to the locator plate 150A. 
The stylus further comprises the stem 150C and 
the stylus tip 150D. 

The lower plate 1348 of mounting plate 134 
has a central circular recess 134L (Fig.9) which has 
an axially extending edge 134IV1 defining an ap- 
erture to receive the locator plate 150A of the 
stylus 150. Further recesses 134N defining axially 
extending edges 134P communicate witii tlie cir- 
cular recess 134L so as to define in the material of 
the lower plate 134B lobes 134Q. The lobes 134Q 
have at their radially inner extremity the edges 
134M. The iot>es 134Q are aligned with the ap- 
ertures 134F for the transducers and these lobes 
134Q are provided with axial bores 134R for 
mounting the transducer armature carrier 160C (to 
be further described). 

The mounting ring 132 has a peripherally ex- 
tending outer wall 132A and three equiangulariy 
spaced capture members 132B (illustrated in Rg- 
ure 9) which are of a configuration such as to 
provide, by means of a respective bore 132C, a 
cup-like figuration for receiving one end of a re- 
spective compression spring 180. Recesses 132D 
leading to bores 132E are provided to threadedly 
receive the connectors 1 34E coupling together the 
mounting plate 134 with the mounting ring 132 and 
thereby clamping the diaphragm 140. The dia- 
phragm 140 has assembly apertures 140M for the 
passage of the connector members 1 34E and tran- 
sducer apertures 140B which enable it to move 
relative to the sleeves 160G. A mounting member 
124 is arranged to. connect the stylus assembly 
130 to the housing 120. It is in the form of a stud 
which passes through a central aperture 140C in 
the diaphragm 140 and which threadedly engages 
a bore 120A (Rgure 9) in a boss 120B which 
downwardly extends from the main core 120C of 
the housing 120. The housing main core 120C has 
a lower surface 120D in which there sire transducer 
bores 120E and locator bores 120F which accom- 
modate the compression springs 180. Turning to 
Figure 8 it will seen that the locator bores 120F 
threadedly locate adjustable studs 120G for adjust- 
ing the compression of the compression springs 
180. The transducer bores 120E threadedly receive 
transducer inserts 120H which provide passage- 
ways for wiring associated with the transducers 1 60 
whereby the output of the transducers 160 may be 
connected to the data gathering equipment. The 
transducer sleeves 160G are attached fast in reces- 
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ses in the inserts 120H and support transducer 
colls leOA. The transducers themselves comprise 
a coll 160A. an armature leOB, each anmature 
being carried on an armature earner 160C, The 
armature carrier 160C is directly and fixedly con- 
nected to the mounting plate 134 at the respective 
bore 134R. 

The main core 120C of the housing further 
comprises an upstanding boss 120 J which has a 
central bore 120K to receive a connector member 
(not shown) for connecting the probe housing to a 
measuring machine. The housing further comprises 
a top plate 120L which seals the interior of the 
housing and has a depending skirt 120M to guide it 
into an outer casing 120N suaounding the main 
core. A bore 120T threadedly connects the top 
plate with the aforesaid connector member. The 
outer casing 120N is substantially cylindrical but 
has a radially inwardly directed flange 120R at the 
level at which the stylus locator 150A is arranged 
(see Figure 8). The housing casing flange 120R 
supports an annular disc 120S which completes the 
lower side of the housing casing. 

This probe 110 has the characteristic in com- 
mon with the eariier embodiments that the stylus 
assembly 130. and thereby the stylus 150. is 
mounted in such manner that the rest position of 
the stylus, that being the position to which it re- 
turns when released from any contact, is deter- 
mined by the equilibrium position of the mounting 
assembly in accordance with the balancing of op- 
posed forces of the diaphragm 140 and the com- 
pression springs 180. The compression of the 
springs 180 can be adjusted by means of the 
adjustable studs 120G. The diaphragm, which in an 
unstressed state would be aligned with the plane B 
(Rgure 8). Is prestressed by virtue of the fact that it 
is clamped at its centre by the mounting member 
124 in plane B and it is clamped at its perimeter 
between the mounting plate 134 and mounting ring 
132 at a different level. It tJierefore acts owing to its 
deflection to provide a force opposing the force 
provided by the compression springs 180, thereby 
to detemtine an equilibrium position of the sus- 
pended mounting assembly 130, which determines 
the rest position for the stylus 150. Movement of 
the armature canier 160C in response to any dis- 
placement of the stylus 150 Is not entirely linear 
with respect to the transducer 160. The non-linear- 
ity components can be compensated for in the 
calibration. The outputs of the three transducers 
are calibrated so as to obtain the X, Y and Z 
measurements. The use of three transducers in- 
stead of four affords a reduction in the number of 
electronic channels through which the transducer 
signals must pass and therefore facilitates a reduc- 
tion in the associated electronics. 

As in the embodiment of Figures 1 to 5, this 



embodiment has a stylus 150 which by virtue of 
the location means (shown in Rgures 12 and 13) is 
removably connected to the mounting plate 134 
where it is held by means of the magnet 134H but 

6 from which position It is displacable or replacable. 
This feature enables the stylus to become dis- 
placed if it inadvertently strikes a workpiece in an 
yy direction causing the mounting ring 132 to 
contact housing 120 whereby the stylus 150 re- 

10 leases. The housing face 120D and the housing 
flange 120R provide limit stops for the movement 
of the stylus assembly 130. It ^lso facilitates re- 
placement of the stylus 150 with repeatability of 
results when styli are relocated. 

76 Like the first embodiment, this embodiment 

also has the advantage when used in form mea- 
surement that the gauging force in the Z or axial 
direction is greater than the gauging force required 
In the X, Y plane. This embodiment is found to l^e 

20 particulariy advantageous for use in form measure- 
ment on roundness instruments. 

Features which distinguish this probe 110 from 
the probe 10 of Rgures 1 to 5, are that the location 
of the transducers 160 and the dedgn of the stylus 

25 assembly (in particular the mounting plats 134 and 
mounting ring 132) reduces the number of moving 
parts and displaces the centre of mass of those 
moving parts closer to the rest position of the 
stylus assembly. It also altows an increased Z 

30 direction travel because the diaphragm 140 is pre- 
stressed downwardly, providing increased protec- 
tion from damage through over-travel. 

Both embodiments provide a compact design 
which facilitates use of the probe 110 for following 

35 complex workpiece contours as well as a good 
trade-off between accuracy and repeatability on the 
one hand and frequency response on the other. 

A further feature has been incorporated into the 
probes 10. 110 of the embodiments of Figures 1 to 

40 5 and 8 to 13, namely means for damping the 
stylus movement In the first embodiment, damping 
means 27F may be provided in the stylus assem- 
bly by applying a viscous substance between the 
linkage 70 and the adjoining linkage chamber walls 

45 27D, as shown in figure 3. 

Similarly, in the second embodiment, damping 
means 132F may be provided in the stylus assem- 
bly by applying a viscous substance between the 
mounting ring 132 and the sleeve 160G (for the 

50 transducer coil 160 A) as shown in figure 8. 10. By 
way of example, the damping means 27F and 132F 
are provided by a charge of viscous substance, 
such as silicone grease. 

Tests have shown that the addition of damping 

55 means 27F, 132F to the probe enhances its use on 
measuring instruments. The damping means pro- 
vide the following advantages: 

i) it greatly reduces unwanted stylus movement 



13 



25 



EP 0 426 492 A2 



26 



and vibration during instrument traverse when 
the stylus is out of contact with the workpiece; 

ii) it reduces stylus vibration effects when scan- 
ning a surface; 

iii) it allows the stylus to return to a stable rest 
position in a shorter elapsed time after stylus 
deflection. 

Alternative damping means may be provided in 
a variety of ways other than the provision of a 
viscous substance. In addition, different probe ap- 
piications may require different rates of damping. 
For example, a probe used with a roundness instru- 
ment may require a lower dsunnping rate than when 
such a probe is used on a coordinate measuring 
machine. 

A third embodiment of the present invention is 
shown In Figures 14, 15 and 16. This embodiment 
combines some of the preferred features from the 
first and second embodiments. 

in the third embodiment there are four trans- 
ducers 200. as best shown in Figure 16. This 
enables the transducers to be arranged in directly 
opposing pairs, which gives greater immunity to 
the effects of differential expansion within the 
probe. WhQn four transducer signals are available 
calibration and measurement mathematical func- 
tions can be used in which signals from opposing 
pairs of transducers are substantially subtracted to 
deduce stylus displacement. In this way. any drift 
in the output signals which is common to all the 
transducers is cancelled out, improving measure- 
ment stability. Rgure 15 is a section through the 
probe along line XV-XV in Figure 16, and accord- 
ingly shows two transducers 200 in section. Rgure 
14 is a section through the probe along line XIV- 
XIV in Rgure 16, and does not show the trans- 
ducers 200. 

The probe comprises a main body 202 with a 
cylindrical casing 204, and a movable stylus mount 
which consists essentially of a mounting plate 206 
and a mounting ring 208 which clamp the periph- 
ery of the diaphragm spring 210 between tiiem. 
The mounting plate 206 and mounting ring 208 are 
held togetiier by bolts 212. 

Instead of the compression springs of the em- 
bodiment of Rgure 8. the pre-loading of the dia- 
phragm 210 is provided by a flat pre-load spring 
214 which tensions wires 216 which extend through 
the mounting ring 208 and are fastened to ft by a 
convenient means, such as soldering. The wires 
216 pass through respective clearance holes in the 
diaphragm 210. The wires 216 extend through the 
mounting ring 208 and into holes 218 in the main 
body 202, and a viscous material may be placed in 
the holes 218 to damp the movement of the stylus. 

The pre-load spring 214 has four radially ex- 
tending limbs from a central land (see Figure 16). 
Both the diaphragm spring 210 and the pre-load 



spring 214 are clamped to tiie main body 202 at 
their centres by the action of a clamp bolt 220, 
which is secured by a nut 222 at the rear of the 
main body 202. The centre of the pre-load spring 

5 214 Is positioned below the centre of the dia- 
phragm 210, and is spaced from it by a spacer 
224. Each of the diaphragm 210 and pre-load 
spring 214 Is planar when unstressed. Accordingly, 
when stressed In the memner sliown in Figures 14 

70 and 15 the diaphragm 210 tends to move the 
stylus mounting upwards, towards the main body 
202, while the pre-load spring 214 acts on the 
stylus mount through the tension In the wires 216, 
and tends to drive it down, away from the main 

IS body 202. 

The correct pre-load forces can i^e set by 
appropriate tooling when the wires 216 are at- 
tached to the mounting ring 208. This eliminates 
the need for pre-load adjustment means as pro- 

20 vided in the emlx)diment of Rgures 8 and 9. Be- 
cause the wires 216 are firmly fixed to both the 
pre-load spring 214 and the mounting ring 208, and 
are under tension, the pre-load arrangement of this 
embodiment provides better stability and avoids 

25 possible lateral movement of the compression 
springs 1 80 in the arrangement of Rgures 8 and 9, 
where at least one end of each spring must be free 
to move to permit the pre-load adjustment to fc>e 
carried, out. 

30 As shown in Rgure 15, four transducer coils 

200 are fitted to sleeves 226 in the main body 202. 
The sleeves 226 protrude beyond the lower surface 
of the main body 202, and through clearance boles 
in the diaphragm spring 210. As can be seen from 

35 Rgure 16, the four transducer coils 200 and 
sleeves 226 are displaced by 45*" from the four 
arms of the pre-load spring 214. The arrangement 
of sleeves 226, transducers 200 and clearance 
holes in the diaphragm 210 is similar to the ar- 

40 rangement of corresponding parts in the embodi- 
ment of Rgures 8 and 9. Armatures 228 for each 
transducer are attached rigidly to the bacic of the 
mounting plate 206 by respective rods 230. 

A flexible annular seal 231 is provided between 

45 the mounting plate 206 of the movable stylus 
mount and the mouth of the cylindrical casing 204, 
to prevent entry of foreign substances. 

The stylus is not shown in Figures 14 and 15. 
It is mounted onto the mounting plate 206 by an 

50 arrangement substantially identical to that illustrat- 
ed in Rgures 12 and 13, except that as shown in 
Rgures 14 and 15, the precision balls 232 are 
mounted on the mounting plate 206. As in the 
previous embodiments, the stylus is held in place 

55 by the attractive force of a magnet 234. 

Various modifications of the embodiment of 
Rgures 14 to 16 are possible. For example, bo1h 
the number of transducers and the number of ac- 

14 
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tive iimbs of the pre-load spring 214 may be var- 
ied, although the pre-load spring 214 will normally 
need to have at least three active limbs to ade- 
quately define the equilibrium rest position of the 
stylus. Normally, the limbs will be equally spaced 
to provide a uniform gauging force characteristic. 
The use of free ends of the wires 216, extending 
through the mounting ring 208. as damping means 
is convenient and economic, but other damping 
arrangements can be adopted. 

The arrangement of the diaphragm spring 210 
and the pre-load spring 214 shown in Hgures 14 to 
16 has been selected to make the probe compact. 
Other arrangements are possible, such as: 

i) clamping the stylus mount to the centre of the 
diaphragm spring 210 and clamping the main 
body 202 to its periphery; 

ii) providing the pre-load spring 214 such that 
radial limbs are clamped at a radially outer end 
to the main body 202. and extend radially in- 
wardly towards the centre; 

iii) arranging the pre-load spring 214 so that It 
stresses the diaphragm 210 upwardly Instead of 
downwardly; 

iv) replacing the pre-load spring 214 with axially 
oriented tension springs connected to the wires 
216. and supported from a part of the main 
body 202 or the cylindrical casing 204; 

v) combining the functions of the diaphragm 
spring 210 and the pre-load spring 214 in a 
single component. 

One possible arrangement for combining the 
functions of the diaphragm and the pre-load spring 
in one component is shown in Rgures 17 and 18. 
Rgure 17 shows the shape of a combined spring 
236. This has substantially the shape of the dia- 
phragm spring 210 of the embodiment of Figures 
14 to 16. except that radially extending arms 238 
are formed in it by U-shaped cuts. Figure 18 is a 
diagrammatic side view of an arrangement for us- 
ing the combined spring 236 of Figure 17. The 
centre of the spring 236 is connected to the main 
body 202 by the clamp bolt 220. and the arms 238 
are connected to the wires 216 and provide the 
function of the pre-load spring 214 of Rgures 14 to 
16. The remainder of the combined spring 236 
provides the function of the diaphragm spring 210, 
and is clamped at its periphery between the 
mounting plate 206 and the mounting ring 208. 

As will be apparent to those skilled in the art, 
further variations are possible. For example, in all 
the illustrated emtx)diments at least one of the 
springs has the form of a diaphragm. Although this 
is normally preferred, it is not essential. In an 
alternative an-angement the diaphragm-shaped 
spring can be replaced by a spring having a central 
land connected to one part and radially extending 
fingers connected to another part. Alternatively, a 



spring having substantially the shape of a disc can 
be divided into a plurality of radial arms extending 
from a central land, and alternate radial arms may 
be connected to different members, while the cen- 

5 tral land may be free. A combined spring operating 
in a manner similar to that shown for the combined 
spring 236 in Rgure 18 may be provided by a 
plurality of arms extending from a central land, with 
the central land clamped to the main body of the 

10 probe and the outermost end of each arm clamped 
to the stylus mount, but the alternate arms are 
connected to the stylus mount at different heights, 
so that some anms are deflected upwardly and 
some are deflected downwardly to provide an ac- 
ts tion similar to that of the arrangement of Rgure 18. 
Furthermore, it may not always be necessary to 
use leaf-type springs. An anrangement may be 
provided in which, for example, some of the resil- 
ient means are tensloned coll springs. 

20 In the light of the disclosure herein in which the 

embodiment of Rgures 8 to 13 reduces the num- 
ber of sensors/transducers from four to three, it will 
be apparent to those sl<illed In the art that the 
embodiment of Figures 1 to 5 may be modified to 

25 Incorporate three sensors/transducers. 

The diaphragm of the embodiments before as- 
sembly is disc-shaped and in planar condition 
(unstressed) so that when prestressed it takes a 
cone-like configuration. Modifications are possible 

30 whereby the diaphragm Is pre-formed in a non- 
planar shape and then prestressed to adopt a dif- 
ferent shape. 

In each of the embodiments, the diaphragm 
(40, 140, 210) is in the form of a circular disc of 

36 unifonm thickness and fonmed of beryllium-copper 
alloy which has been fully hardened. In each case 
the diaphragm is configured so as to permit con- 
nection at its centre to the main housing and con- 
nection at its periphery to the stylus assembly (as 

40 mentioned these could be reversed). 

Within the periphery of the circular diaphragm 
provision is made for other mechanical features of 
the probe. In the first embodiment, as shown in 
figure 2. the diaphragm 40 has apertures 40A for 

45 the passage therethrough of tensloned wires 22 
connecting the linkage 70 to the mounting plate 34, 
and apertures 40E for assembly purposes. In the 
second embodiment, as shown in figure 9. the 
diaphragm 140 has further apertures 140B for the 

50 passage therethrough of the sleeves 134G carrying 
the transducer coils 160A, that is in addition to the 
apertures 140M for assembly purposes. The thick- 
ness of the diaphragm in the first and second 
embodiments Is 0.003 in. (about 0.08mm) and 

55 O.005 in. (about 0.13mm) respectively. The thick- 
ness is chosen so that given the required dia- 
phragm dimensions and the stylus arm length, and 
the characteristics of the other part of the probe 

15 
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mechanism, the correct gauging stiffness is 
achieved in the XY directions at the stylus tip. A 
typical gauging stiffness in the XY directions tor 
both probes is lOOmN per mm displacement when 
using a 100mm stylus. Over the relatively small 5 
range of movement used, this stiffness remains 
substantially constant irrespective of displacement 
and direction. 

For the first embodiment (figure 2), the Z-axis 
gauging stiffness is largely determined by the io 
thickness and design of the diaphragm itself. For 
the second embodiment (figure 9) the Z-axis gaug- 
ing stiffness Is nnainly a function of the biasing 
system, i.e. the nature of the compression springs 
and their an-angement. is 

When the probe is used with a roundness 
measuring instrument, the gauging stiffness in the 
Z direction is preferably an order of magnitude, 
more preferably two orders of magnitude, greater 
than the gauging stiffness in the XY directions. 20 

The properties of beryllium-copper which ren- 
der it especially suitable for the diaphragm include 
the facts that:- 

i) it permits higher deflections within its elastic 
limit than other comparable materials; zs 

ii) it has a high endurance limit, i.e. It maintains 
its elastic properties over a long design life; 

iii) it exhibits virtually no elastic hysteresis. 

In the illustrated embodiments of the probe, its 
moving parts have relatively low mass, and the 30 
mass is mostly only a short distance from the 
centre of arcuate movement of the stylus. This 
results in a relatively low inertia of the moving parts 
for movement of the stylus tip, enabling a good 
frequency response to be obtained without exces- 3S 
sive gauging forces. For example, with the embodi- 
ment of Figures 1 to 5, a natural frequency of 
about 5OH2 is obtained with a gauging force (XY) of 
0.01 N at a 1mm displacement at the tip of a 
100mm stylus. 40 

The use of opposed restoring forces to define 
an equilibrium rest position for the stylus enhances 
the repeatability and stability of the stylus move- 
ment, which assists In enabling accurate measure- 
ment with the probe. It is particularty valuable to 4s 
support the stylus or stylus mount with a dia- 
phragm which is pre-stressed into a conical shape 
as shown in the illustrated embodiments. The dia- 
phragm provides a simple, light- weight and cheap 
way of supporting the stylus or stylus mount, pro- so 
viding a pivot for arcuate movement of the stylus, 
and providing some of the gauging stiffness. The 
pre-stressing of the diaphragm stabilises its perfor- 
mance as a pivot, and for this reason the operating 
range of the probe is preferably defined so that the 55 
diaphragm does not pass through its unstressed 
position within the operating range. This limitation 
of the operating range may be reflected in the 



construction of the probe. For example, the sensors 
may go out of range before the diaphragm reaches 
Its unstressed position. 

Another valuable feature of the illustrated em- 
bodiments is that all connections between the sty- 
lus and the prot>e body are flexible. By avoiding 
sliding contact and abutting surfaces (except con- 
tinuous abutment against flexible connectors), the 
repeatability of the stylus movement Is Improved. 
However, the arcuate (tilting) movement of the sty- 
lus, as opposed to the translational movement as In 
some prior art devices, tends to make callbratlor) of 
the probe important for accurate results. 

Turning to Figures 19 and 20, an apparatus for, 
arKi a method of, calibrating a measuring probe 10 
(such as described with reference to Figures 1 to 
5) for the output of corrected X and Y axis mea- 
surement signals representing displacements of the 
probe in X and Y axis directions respectively, will 
now be described. As indicated in Figure 1, a 
measuring prolDe 10 has a stylus 50 so mounted 
relative to a probe housing 20 as to permit two 
dimensional displacement of the stylus 50. Sensors 
60 are responsive to the stylus moveriient to output 
sensor signals related to said stylus displacement. 
The calibration described herein enables the output 
of corrected measurement signals derived from 
said sensor signals. 

Referring to Rgure 19, the calibration of probe 
10 commences by arranging the probe 10 in a 
predetermined position relative to a turntable 
means 250 for displacing the stylus tip 56 (within 
the operating range thereof) along a defined cir- 
cular path. The Z-axis of probe 10 is aligned by a 
probe carrying arm 252 of a measuring machine, 
on which the probe 10 is mounted, with the rota- 
tional axis 254 of turntable means 250. 

The turntable means 250 carries a slide block 
arrangement 256 on which a guide means 258 is 
mounted such that the radial position of the guide 
means 258 may be incrementally displaced relative 
to the axis 254. The guide means 258 contacts the 
stylus tip 56 of the probe 10. Radial displacement 
of tiie guide means 258 causes the stylus tip 56 to 
be displaced radially relative to axis of rotation 254. 
When the turntable means 250 is rotated it carries 
the guide means 258, and thus the stylus tip 58, on 
a circular path. 

To calibrate the probe 10, the turntable means 
250 is rotated to displace the stylus tip 56 along 
along a circular path in discrete steps correspond- 
ing to a given angular movement 6 of the turntable 
250. The measuring machine gathers as sensor 
data the sensor output signals of each sensor 60 
(Figure 1) for each of a series of measurement 
positions of the stylus 50. The measurement posi- 
tions are determined by the discrete steps of the 
turntable means 250. 



16 



31 



EP O 426 492 A2 



32 



Positional data is also gathered giving tlie mea- 
surement position of the stylus 50 for each of the 
measurement positions. This positional data Is 
gathered independently of the probe output signals. 
It may be in terms of the radius of rotation R of the 
stylus tip 56 and the discrete angular movement a, 
and may be determined from the position of the 
turntable 250 (e.g. by an angular encoder) and the 
guide means 258. 

As aforedescribed the discrete measurement 
positions at which probe (sensor) data and posi- 
tional data have been gathered have been deter- 
mined by discrete angular movements of the tum- 
table means 250. It will be appreciated that the 
angular movement of the turntable means 250 
could be continuous (for a given circular path) and 
that the measurement positions could be deter- 
mined as discrete locations at which the sensor 
signals and angular encoder signals are gathered. 

Data processing means 400 (see Figure 20} 
then performs a conrelation between the sensor 
data and the positional data so as to obtain calibra- 
tion parameters for correction of the measurement 
signals. The data processing means 400 then 
stores the calibration parameters In such manner 
that during subsequent measurement operations 
the sensor output signals are processed to produce 
con-ected measurement signals. 

In this context, positional data Is derived by 
measuring the radial displacement (R) of said 
guide means 258 and the angular displacement e 
of the turntable means 250: the X,Y co-ordinates of 
the measurement position being given by the ex- 
pressions X = R.SIN 0 and Y = R.COS 6 . 

In order to obtain sufficient data for calibration, 
the guide means 258 is rotated by the turntable 
250 to pass in sequence through a first series of 
measurement positions (R, e ) each at a first radial 
spacing R from the axis of rotation 254. The guide 
means 258 is then displaced radially, and rotated 
tiirough a second series of measurement positions, 
and so on for a series of radial displacements. 

The radial displacement of the guide means 
258 Is effected within a range of radial positions. 
One extremity thereof is defined by a radially inner 
position of tiie guide means 258 which is suffi- 
cientiy displaced from rotational axis 254 to permit 
tiie guide means 258 to displace tiie stylus tip 56 
in a rotary path whilst maintaining constant contact 
therewitii. If tiie radius R is too small, the guide 
means 258 may lose contact with the stylus tip 56 
at some angular positions. The other extremity is a 
radially outward position which does not extend 
beyond a pre-deslgnated measuring range of the 
probe 50; by way of example for this probe 10, the 
range is defined by a radius of rotation of 2mm 
with a stylus length of 100 mm. The angular dis- 
placements are illustrated by regular displacements 



each of 30*. In this embodiment the radial dis- 
placements of the guide means 258 commence 
from the radially inner extremity and progress suc- 
cessively in the direction of the radially outer ex- 

6 tremity of the probe measuring range. 

A probe may have a pre-designated measuring 
range defined by a radius of X mm. In that context, 
tfie guide means may be successively displaced 
radially outwardly by successive steps of X/Nmm, 

10 wherein N Is an integer greater than 2 and less 
than an arbitrary number chosen for practicability, 
for example 7, In this embodiment N was selected 
as 4, i.e. successive steps are 0.5mm apart. 

The correlation by the data processing means 

15 400 can be perfonned for probes with a plurality of 
sensors. When the probe has a plurality of sensors 
with sensor output signals ti ...tn. the values for the 
X,Y co-ordinates for each measurement position 
are derived from positional data and are employed 

20 to derive calibration parameters for expressions X 
= fi (ti...t„) and Y = f 2 (ti...t„). where the functions 
fi , f2 contain the calibration parameters. 

Probe 10 has sensors 60 spaced in one direc- 
tion with sensor output signals Xi ,X2 and sensors 

25 spaced in a transverse direction with sensor output 
signals Y1.Y2. The values for tiie X,Y co-ordinates 
for each measurement position sire derived from 
the positional data and are employed in the cor- 
relation step to derive calibration parameters for 

30 tiie expressions X = fi pCi . X2. Yi . Y2) and Y = f 2 
(Yi. Y2, Xi, X2), which contain tiie calibration pa- 
rameters. 

For the X,Y co-ordinates ttie expressior^ fi .f2 
are each calculated as the product of a first mea- 

35 surement expression and a second compensating 
' expression derived from the outputs of the sensors, 
the first measurement expression being associated 
with the measurement axis and the second com- 
pensating expression being associated with the 

40 axis orthogonal to the measurement axis to com- 
pensate for variations in the sensor data. 

In this embodiment, for the measurement of 
the X co-ordinate the measurement expression is 
defined by (Ai .Xi . + A2 .X2 + Bi .Xi 2 h- B2 .Xz^ + Ci ) 

45 wherein Ai,A2. 61,62 and Ci are calibration param- 
eters, and is multiplied by tine compensating ex- 
pression which is expressed as 
(Di .Yi + D2.Y2 + El ,Yi2 + E2.Y22 + Gi) wherein 
Di,D2,Ei,E2 and Gi are calibration parameters. 

50 Liicewise, for the measurement of the Y co-ordinate 
the measurement expression is defined by 
(A3.Y1 + A4.Y2 + B3.Yi2 + B4.Y22 + C2) wherein 
A3 ,A4. 83.64 and C2 are calibration parameters, and 
is multiplied by the compensating expression which 

65 is expressed as 

(Da .Xi + D4 .X2 + E3 .Xi 2 + E4 .X22 + <32 ) wherein 
D3.D4,E3,E4 and G2 are calibration parameters. 
In this embodiment, the correlation also com- 
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pensates the positional data for set-up errors in tlie 
position of the probe 50 relative to the rotational 
axis 254. As aforesaid, these errors are expressed 
by the calibration parameters Ci and C2 for ec- 
centricity and dRi , dFfe in the radial distance R and 
ddi , 6e2 in the angular displacement 6. By deter- 
mining the values of dRi , dRa and d^i , dfia in the 
expressions X = (R + dRi). SIN (d + d6i) and Y 
= (R + dRa). COS (6 + d$2), set up en-ors are 
also compensated. 

An explanation of these offset parameters is as 
follows. Rrstly. when the probe rest position is 
aligned with the axis of rotation 254 of the turntable 
means 250, in practice the stylus tip Is arranged 
eccentrically relative to the rotational axis: it is the 
calibration parameters Ci, C2 which compensate 
for this in functions of fi and fa. IVIore accurately, 
since the measurement expression is multiplied by 
the compensating expression, the eccentricity is 
accounted for by the products C1.G1 and C2.G2. 
However, Gi and G2 will have values close to one, 
since they would otherwise alter the gain of the 
measurement expression, and therefore it Is the 
values of Ci and C2 which provide the effective 
eccentricity compensation. 

Secondly, (because of this eccentricity) in or- 
der to be . able to rotate the guide means whilst 
maintaining constant contact with the stylus tip, it is 
necessary to introduce a small radial offset from 
the nominal rest position. This offset results in the 
radius of rotation of the stylus tip dR for the initial 
movement of the turntable. Since there is no datum 
point to work from (ue, no absolute rest position), 
measure ments are taken from this initial radial 
offset, i.e. R is taken as zero at this radial offset. 
For the purposes of correlation, it is necessary to 
analyse all data so as to determine dR. This en- 
ables the calibration to adjust the positional data to 
true polar co-ordinates originating at the rest posi- 
tion of the stylus. In practice, as two separate 
correlations are performed, one for each axis, it is 
convenient to use two parameters for dR, namely 
dRi and dRa. which are determined independentiy. 
By comparing the values of dRi and dRa, an 
indication of the validity, or quality, of the particular 
calibration is given, as in fact there is only one 
error, dR, Irrespective of axis. For a good quality 
calibration with this probe, the deduced values of 
dRi and dRa typically differ by no more than 0.5 
micrometres (um). 

Thirdly, there is the angular offset d0. This 
arises because the locations of the probe sensors 
n^y be such that these sensors are not aligned 
with the axes of the X,Y co-ordinates associated 
with the tumtable means (e.g. as defined by an 
encoder which measures e). Thus, there may be an 
angular offset between the directions in which 
probe sensors Xi and Xa. and Yi and Y2, are 



spaced apart and the notional X, Y axes of the 
turntable/encoder (and hence the positional data). 
In addition, the direction in which probe sensors Xi 
and Xa are spaced apart and the direction in which 
5 the probe sensors Yi and Ya are spaced apart may 
not be truly 90* apart. By detennining the offset 
parameters dfli , d^a for the X, Y axes respectively, 
the correlation avoids errors of this nature. The 
difference between tiie offset parameters d0i , d02 
10 relates to the positions of the transducers relative 
to a 90' spacing. 

The radial and angular offset parameters dRi , 
dRa, ddi and 662 do not appear in the expressions 
for X and Y. These parameters are used in the 
15 calibration operation, but their values are not re- 
quired once the parameters Ai to Qa have been 
deduced and stored. 

In this preferred embodiment, the calibration 
parameters are derived for X in a series of steps, 
20 and then the calibration parameters are derived for 
Y in a separate series of steps. 

It has been found useful to perform calculations 
for some calibration parameters in the correlation 
step(s) for X (or Y) by manipulating actual posi- 
25 tional data and transducer data whilst holding oth- 
ers of said calibration parameters constant. Then 
successive calculations are made changing which 
calibration parameters are maintained constant until 
all the calibration parameters have been deter- 
so mined from positional and transducer data. 

In more detail, the calibration procedure is as 
follows. 

At each measurement position of the probe, 
values are obtained for the sensor outputs Xi, 

35 Yi and Ya, and the positional data R and e. Thus 
for the i-th measurement position, the values Xi(i), 
X2(l). Yi(i), Ya(i), R(i) and e{t) are obtained and 
stored. For this measurement position the true val- 
ues of X and Y, defining the actual position of the 

40 probe, are given by: 

X(i) - [R(!) -I- dRi]. Sin[a(i) -1- d0i] and 
Y(l) = [R(i) + dRa]. Cos[d(i) + d^a] 
Each of the measurement expression and the com- 
pensating expression for X and Y is a polynomial, 

45 the co-efficients of which are calibration param- 
eters. Various techniques are known to determine 
the values of co-efficients of polynomials to fit the 
polynomial to experimental data, and in the present 
embodiment the Gauss Newton method Is pre- 

50 ferred. See Gill P.E. Mun-ay W. and Wright M.H. 
"Practical Optimisation", Academic Press. London, 
1981 for further infonmation. 

The X and Y axes are fitted independently, and 
by identical methods. Therefore the method for the 

55 X axis only will be described. Using the data ob- 
tained at the measurement positions, the following 
expression can be obtained for each i-th measure- 
ment point: 
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Error (i) = [R(i) + dRi].Sin[e(i) + d«i]-fi pCi(i). 
X2(i),Yi(i).Y2(i)l. 

where ft = (measurement expression for X).- 
(compensating expression for X)- 

This can be paraphrased as: 
ErrorO) = Actual position(l) - Measured position(i). 

Before the calibration calculations begin, the 
calibration parameters dRi , d^i and Ai to Gi in 
function fi are set to initial values. If a probe which 
has already been calilDrated is being re-calibrated, 
rt may be helpful to set the initial values to the 
previously obtained values for the calibration pa- 
rameters. Otherwise, default values are used. The 
default values are 'V for Ai . Ag and Gi , and are 
zero for all the other parameters. 

Clearly at this stage, the values of "En-or" for 
the data points "i" will be large and will reflect 
unwanted characteristics of the probe which the 
calibration operation is intended to remove. Taking 
all data points into account, the "Gauss Newton" 
method could now be performed to attempt to 
determine the values for the calibration parameters 
such that all values of "Enror" are minimised. How- 
ever, doing this usually gives unstable results due 
to the large number of calibration parameters to be 
determined. Therefore the parameters are deter- 
mined in the following stages. 

Stage 1 Hold the parameters in the compensat- 
ing expression constant and perform a fit using 
the "Gauss Newton" method to adjust the dRi , 
ddi , and the parameters In the measurement 
expression so as to minimise the values of 
"En-or". 

Stage 2 Hold dRi . dfli . and the parameters in 
the measurement expression constant and use 
the "Gauss Newton" method to adjust the pa- 
rameters in the compensating expression so as 
to minimise the values of "Error". 
Stage 3 Repeat stages 1 and 2 until the values 
of "En-or" are no longer decreasing, the fit is 
then complete. 
Once the process is complete, the remaining 
values of "Error" are the residual errors. 

The range of residual errors indicates the qual- 
ity (or linearity) of the axis in question over the full 
range of two-dimensional stylus movement. It will 
be appreciated that there are various graphical 
representations that can be used to illustrate the 
nature of the residual errors over the range of the 
calibration data. 

Residual errors reflect characteristics of the 
calibration data which cannot be mathematically 
fitted. The residual enrors may arise from various 
sources, such as: 

i) Random environmental effects such as me- 
chanical vibration, electrical noise, foreign par- 
ticles on the stylus tip or changing temperature. 



ii) Variations resulting from manufacturing differ- 
ences and imperfections of the probe, and/or the 
calibrating means. 

ill) Characteristics of the design of the probe 

5 which cannot be described mathematically by 
the calibration functions. 
Residual errors from source (iii) may be re- 
duced by varying the calibration functions, e.g. to 
include third or higher powers of Xi , X2 , Yi , Ya , 

10 at the expense of considerably increased calcula- 
tions both during calibration and during subsequent 
of the use of the probe. 

Turning again to Rgure 19, the apparatus may 
itself comprise a form measuring machine (such as 

T5 ttie aforesaid TALYROND 300) further Incorporating 
ttie guide means 258 and the data processing 
means 400 (Figure 20). 

The slide block 256 has a carriage 260 dis- 
placeable on a slide 262 by means of the manually 

20 adjustable drive comprising a micrometer adjuster 
264 rotatable relative to a mount 268 to displace a 
shaft 268 to an initial position (tiie aforesaid inner 
extremity). Subsequent positions of the slide block 
- 256 may be determined by the insertion of slip 

26 blocks 270 (one of which is illustrated) thereby to 
Increment the radius of rotation of the guide means 
258 (and thereby the stylus tip 56) relative to tiie 
axis of rotation 254 of tumtable 250. The slip 
blocks 270 (known per se) are precision blocks 

30 used in sequence to increment the radius R e.g. by 
steps of 500 micrometres (as previously indicated). 

The measuring machine Is not fully illustrated: 
the probe carrying arm 252 is shown schematically 
together with the tumtable 250 and an angular 

35 encoder 272 with associated sensor 274 which 
enables a signal to be entered into the data pro- 
cessing means 400 indicating angular Incremente 
made by the tijrntable 250 between measurement 
positions. 

40 The guide means 258, which is further illus- 

trated in an inset plan view in Rgure 19, comprises 
a main body 276 adapted to be supported on tiie 
turntable 250 (e.g. by means of slide block 256), 
and a pair of abutments 278 secured tiiereto by 

45 attachment means 280, The attachment means 280 
may be formed of a settable adhesive. The abut- 
ments 278 may be a pair of precision made needle 
bearings. They are arranged and spaced so as to 
receive therebetween, in kinematic contact there- 

50 witii, the stylus tip 56 of the probe 10. 

Rotation of the tumtable 250 both moves the 
guide means 258 around a circular path and 
rotates the direction in which it faces. Thus, for all 
values of 6 the guide means 258 holds the stylus 

55 tip 56 securely away from its rest position. In this 
way the stylus 50 can be moved during calibration 
through at least 180" (and in practice ttirough 
360 ') around its rest position without losing con- 
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tact with the guide means. This is difficult to 
achieve in some prior art calibration systems where 
the guide means does not hold the stylus tip se- 
curely for all angles. Movement of the guide means 
258 causes the stylus 50 to experience displace- 
ments in the XY plane during calibration in the 
same manner as it experiences displacements dur- 
ing measuring operations (although the pattern of 
movement may differ because the stylus tip 56 will 
typically travel over a workpiece in a sliding contact 
therewith whereas it does not travel over the guide 
means 258). 

Turning to Figure 20, there is illustrated in 
blocic diagram a data processing means 400 asso- 
ciated with the form measuring machine. During 
calibration positional data (R,0) is input for each 
measurement position. The angle of rotation e is 
input from the angular encoder 401 . The measured 
radius of rotation R may be input via a Iceyboard 
402: the initial input is assumed to be zero (and 
compensated for in the calibration) and subsequent 
inputs being the incremental increase in this radius 
detenmined by a slip block 270. Alternatively. If the 
tumtable has its own centring mechanism for X,Y 
incremental positional changes thereof, then incre- 
mental changes (e.g.O.Smm) of radius R may be 
directly input from the centring mechanism 402'. 
The sensor signals Xi. X2. Yi, Y2, ( or ti. t2, ta .....) 
are read for each measurement position to derive 
the sensor data 403. As aforesaid the sensors 60 
generate analogue sensor signals which are digitis- 
ed and scaled for use as inputs 403 by the data 
processing means 400. 

The data processing means 400 has an input 
from a memory 405 which stores the probe data 
conversion functions fi and h (in "blank" form 
without values for the calibration parameters) for 
particular probe constructions; the probe character- 
istics will be input at keyboard 404. A memory 
means 406 canies a calibration program which 
executes the correlation of the positional data and 
probe data to calculate the values of calibration 
parameters. The data processing means 400 out- 
puts the calibration parameters to a memory 407 
which stores the calibration expressions including 
those values for the calibration parameters for use 
in measuring operations of the probe. The measur- 
ing program is stored in a memory 408. Once the 
probe has been calibrated, then measuring oper- 
ations may commence and the data processing 
means 400 will operate under the control of the 
measuring program stored in memory 408 to out- 
put corrected measurement signals 409. These sig- 
nals 409 are obtained by computing the X.Y co- 
ordinates from the functions, expressions and pa- 
rameter values stored in memory 407 on the basis 
of measurements input as probe data at 403. 
l^emories 405,406 and memories 407,408 are 



shown joined by dashed lines: this is to indicate 
symbolically that the functions, expressions and 
parameter values stored at 405,407 may be stored 
in the respective programs in memories 406,408. it 

5 will be appreciated that the data processing means 
400 may incorporate a modular unit whereby the 
memories 404 to 408 may be interchangeable as 
different probes 50 are employed. 

Similarly, it will be appreciated that the calibra- 

70 tlon parameters, possibly together with tfie mea- 
surement program, may be stored In a transport- 
able medium for transfer to a users measuring 
machine. In the alternative, this may be accom- 
plished by the transfer of data from the measuring 

75 machine used for calibration to a measuring ma- 
chine employing that probe for measurements. 



Claims 

20 

1. A probe for measuring workplaces, the probe 
comprising a body and a stylus or stylus mount 
having a rest position relative to the body defined 
by the equilibrium between a plurality of restoring 

25 forces the magnitude of at least one of which 
varies with displacement of the stylus or stylus 
mount 

2. A probe according to claim 1 in which the 
magnitude of a plurality of said restoring forces 

30 varies with displacement of the stylus or stylus 
mount. 

3. A probe according to claim 2 comprising first 
and second resilient members, the first resilient 
member acting on the said stylus or stylus mount 

35 in a first direction and the second resilient member 
acting on the said stylus or stylus mount in a 
second direction opposing the first. 

4. A probe according to claim 2 comprising a 
resilient member having a first part acting on the 

40 said stylus or stylus mount in a first direction and a 
second part acting on the said stylus or stylus 
mount in a second direction opposing the first. 

5. A probe according to claim 3 or claim 4 in which 
the first and second directions are substantially 

45 anti-parallel. 

6. A probe according to claim 3 in which the first 
resilient member is a diaphragm spring. 

7. A probe according to claim 6 in which the 
second member comprises a substantially sheet- 
so like member. 

8. A probe according to claim 7 in which the 
second member comprises one or more leaf spring 
portions. 

9. A probe according to claim 7 or claim 8 in which 
55 the second member acts on the iDody or on the 

stylus or stylus mount through one or more tension 
members. 

10. A probe according to claim 4 in which the first 
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part of the resilient member has substantially the 
form of a diaphragm spring. 

11. A probe according to claim 6 or claim 10 In 
which the probe has a longitudinal 2 axis, and the 
diaphragm spring is oriented in a plane substan- 
tially transverse to the Z axis. 

12. A probe according to claim 11 in which the 
diaphragm spring is stressed to a substantially 
conical shape when tha stylus or stylus mount is in 
Its said rest position. 

13. A probe according to claim 3 in which the 
second member is a compression spring. 

14. A probe according to any one of claims 1 to 10 
in which the probe has a longitudinal Z axis. 

15. A probe according to any one of claims 11. 12 
and 14 in which the gauging force in the Z axis 
direction is at least an order of magnitude greater 
than the gauging force in the plane transverse to 
the Z axis direction. 

16. A prdbe according to claim 3 which further 
comprises one or more further resilient members, 
each acting on the stylus or stylus mount In a 
direction opposing the first direction. 

17. A measuring probe comprising: 
a body; 

a stylus or stylus mount; 

a first restoring means supporting the stylus or 
stylus mount relative to the body for movement 
through a measuring range and applying a first 
restoring force between the body and the stylus or 
stylus mount: 

second restoring means acting on the body and 
the stylus or stylus mount and applying a second 
restoring force therebetween opposing the first re- 
storing force; and 

at least one transducer providing an output in ac- 
cordance with the position or movement of the 
stylus or stylus mount; 

the first and second restoring means providing the 
first and second restoring forces in opposition to 
each other throughout the said measuring range. 

18. A probe according to claim 17 In which ail the 
connections between the body and the stylus or 
stylus mount are flexible. 

19. A probe according to claim 17 or 18 in which 
the first and second restoring means comprise 
parts of a common member. 

20. A method of calibrating a continuous measuring 
probe having a stylus capable of displacement in at 
least two dimensions, comprising the steps of :- 

a) obtaining a series of probe data from the probe 
at a plurality of positions of the stylus, 

b) obtaining a corresponding series of positional 
data for said plurality of positions independently of 
the probe, and 

c) comparing the probe data and the positional 
data so as to obtain calibration parameters for 
correction of probe data to corrected stylus posi- 



tion data. 

characterised in that 

the said plurality of p>ositions comprises first and 
second points which define a line, and a third point 
5 offset from the line, and the positional data which is 
obtained for each of the first, second and third 
points defines the position of the stylus relative to a 
common datum. 

21. A method according to claim 20 in which the 
10 plurality of positions comprises a fourth point, off- 
set from each of the line defined by the first and 
second points, the line defined by tiie first and 
third points and the line defined by the second and 
third points, and the positional data which is ob- 

76 talned for tiie fourtii point defines the position of 
the stylus relative to the said common datum. 

22. A method according to claim 20 or claim 21 in 
which the stylus moves through the said positions 
along a curved path. 

20 23. A method of calibrating a continuous measuring 
probe having a stylus capable of displacement in at 
least two dimensions, comprising the steps of 
a) obtaining a series of probe data from the probe 
at a plurality of positions of the stylus. 

25 b) obtaining a corresponding series of positional 
data for said plurality of positions independentiy of 
the probe, and 

c) comparing the probe data and the positional 
data so as to obtain calibration parameters for 
30 correction of probe data to corrected stylus posi- 
tion data. 

characterised in that 

the corrected stylus position data defines the posi- 
tion of the stylus with respect to a reference axis in 
35 an XY plane the direction of which reference axis in 
the plane is determined by the positional data 
Independentiy of any reference axis in the XY 
plane for the probe data. 

24. A method of calibrating a continuous measuring 
40 probe having a stylus capable of displacement in at 
least two dimensions, comprising the steps of :- 

a) obtaining a series of probe data from the probe 
at a plurality of positions of the stylus, 

b) obtaining a corresponding series of positional 
45 data for said plurality of positions independentiy of 

the probe, and 

c) comparing the probe data and the positional 
data so as to obtain calibration parameters for 
correction of probe data to conrected stylus posi- 

50 tion data, 

characterised In that 

the calibration parameters provide parameters for 
one or more conversion functions for converting 
probe data to said corrected stylus position data. 
55 25. A method according to claim 24 in which said 
one or more functions comprises one or more 
polynomials for which said calibration parameters 
provide co-efficients. 
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26. A method according to claim 25 in which the or 
at least one of the polynomials has second or 
higher order terms in the probe data 

27. A method according to claim 25 or 26 in which 

the Gauss Newton method Is used to determine the 5 
said polynomial co-efficients from the prot>e data 
and the positional data. 

28. A method according to any one of claims 25 to 
27 in which the said polynomial co-efficients are 
determined from the probe data and the positional io 
data in a plurality of steps, comprising a first step 

in which a first group of co-efHctents are held 
constant while provisional values are determined 
for a second group of co-efficients, and a second 
step in which the second group of co-efficients are 75 
held constant while provisionai values are obtained 
for the first group of co-efficients. 

29. Calibration apparatus for calibrating a continu- 
ous measuring probe, the apparatus comprising 
movement means to move a stylus tip of a probe 20 
in an XY plane and provide position signals in 
accordance with the position to which the stylus tip 

is moved, mounting means to mount the probe 
relative to the movement means, and means to 
receive the said position signals and signals from 25 
the probe and determine therefrom calibration data 
for calibrating the signals from the probe in accor- 
dance with the said position signals, 
the movement means being operable to move the 
stylus tip through a plurality of points on the XY 30 
plane including first and second points defining a 
straight line and a tiiird point offset from the 
straight line, and to provide in respect of each of 
said first, second and third points a said position 
signal which indicates the position of the stylus tip 3S 
relative to a common datum. 

30. Apparatus according to claim 29 in which the 
movement means moves ihe stylus tip along a 
curved patii in the XY plane. 

31. Apparatus according to claim. 30 in which the 4o 
curved path comprises at least part of a circle. 

32. Guide means for receiving and guiding a stylus 
of a continuous measuring probe during a calibra- 
tion operation in which the stylus is moved through 

a plurality of positions displaced from its rest posi- 45 
tion, the guide means comprising a pair of abut- 
ments positioned relative to each other so that both 
abutments simultaneously contact the stylus and 
locate a stylus pressed against them, the guide 
means being positioned in use with the abutments so 
aligned with each other in a direction transverse to 
the direction in which tiie stylus is displaced from 
its rest position and positioned between the stylus 
and its rest position so that the force tending to 
retum the stylus to its home position drives tiie ss 
stylus against the abutments. 
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<g) Metrology. 

® A multiaxis measuring probe 10 for continuous 
measurement of workpieces (e.g. roundness, other 
form, or size measurment) lias in one embodiment a 
stylus 50 suspended by resilient forces acting in 
opposition so as to determine an equilibrium rest 
position. This appears to improve the dynamic 
response/accuracy trade-off of the probe. The resil- 
ient forces are preferably provided by a diaphragm 
spring 40.140.210 and one or more opposing springs 
80A,80B.1 80.214. The stylus 50 is preferably held 
magnetically to a stylus mount 34,134.206,208 via 
precision bearings, and the resilient forces act on the 
stylus mount. 
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